In Alzheimer's disease (AD), there is a significant loss of locus ceruleus (LC) noradrenergic neurons. However, functional and anatomical evidence indicates that the remaining noradrenergic neurons may be compensating for the loss. Because the noradrenergic system plays an important role in learning and memory, it is important to determine whether compensation occurs in noradrenergic neurons in the LC and hippocampus of subjects with AD or a related dementing disorder, dementia with Lewy bodies (DLB). We observed profound neuronal loss in the LC in AD and DLB subjects with three major changes in the noradrenergic system consistent with compensation: (1) an increase in tyrosine hydroxylase (TH) mRNA expression in the remaining neurons; (2) sprouting of dendrites into peri-LC dendritic zone, as determined by ␣ 2 -adrenoreceptors (ARs) and norepinephrine transporter binding sites; and (3) sprouting of axonal projections to the hippocampus as determined by ␣ 2 -ARs. In AD and DLB subjects, the postsynaptic ␣ 1 -ARs were normal to elevated. Expression of ␣ 1A -and ␣ 2A -AR mRNA in the hippocampus of AD and DLB subjects were not altered, but expression of ␣ 1D -and ␣ 2C -AR mRNA was significantly reduced in the hippocampus of AD and DLB subjects. Therefore, in AD and DLB subjects, there is compensation occurring in the remaining noradrenergic neurons, but there does appear to be a loss of specific AR in the hippocampus. Because changes in these noradrenergic markers in AD versus DLB subjects were similar (except neuronal loss and the increase in TH mRNA were somewhat greater in DLB subjects), the presence of Lewy bodies in addition to plaques and tangles in DLB subjects does not appear to further affect the noradrenergic compensatory changes.
Introduction
In Alzheimer's disease (AD), a substantial loss of noradrenergic cell bodies has been documented in postmortem brain tissue in the locus ceruleus (LC), the major source of noradrenergic projections to the whole brain (Mann et al., 1980; Tomlinson et al., 1981; Bondareff et al., 1982; Marcyniuk et al., 1986; Chan-Palay and Asan, 1989; German et al., 1992) . However, studies in patients with AD and several postmortem brain tissue studies suggest that the surviving noradrenergic neurons may partially compensate for LC neuronal loss in AD. CSF concentrations of norepinephrine (NE) and its metabolites do not differ in the early stages of AD from those of healthy older individuals and may increase as AD progresses (Mann et al., 1981; Gottfries et al., 1983; Raskind et al., 1984; Tohgi et al., 1992; Elrod et al., 1997) .
The content of NE in terminal regions such as the neocortex and hippocampus in postmortem AD subjects is reduced, but the reduction does not correspond to the degree of neuronal loss in the LC (Adolfsson et al., 1979; Mann et al., 1981; Tomlinson et al., 1981; Palmer et al., 1987; Reinikainen et al., 1988; Hoogendijk et al., 1999) . A similar result was observed when the synthesizing enzymes for NE were measured in forebrain regions Perry et al., 1981; Palmer et al., 1987; Russo-Neustadt et al., 1998) . Recently, our laboratory demonstrated a significant increase in the mRNA expression for the rate limiting enzyme tyrosine hydroxylase (TH) in the LC of AD subjects (Szot et al., 2000) , suggesting that the remaining neurons in the LC are compensating for the loss of noradrenergic neurons of AD subjects.
Because the noradrenergic system has been shown to play a major role in learning and memory (Gibbs and Summers, 2002) , it is important to determine whether compensatory changes are occurring in the noradrenergic nervous system in AD subjects. In addition, we have evaluated a related dementing disorder, dementia with Lewy bodies (DLB). The approach was twofold: (1) to examine the noradrenergic nervous system in the LC and then (2) to examine the noradrenergic system in the hippocampus, another region critical for learning and memory (Morris et al., 2003) . In the LC, we measured the expression of TH mRNA and binding sites to the ␣ 2 -adrenoreceptor (AR) autoreceptor and NE transporter (NET) that are localized to the dendrites of these neurons. In the hippocampus, we measured the ␣ 1 -and ␣ 2 -AR binding sites, as well as the mRNA for each of the subtypes for each of the ␣ 1 -and ␣ 2 -AR receptors in the LC (␣ 2A -AR) and hippocampus (␣ 1A -, ␣ 1D , ␣ 2A -, and ␣ 2C -AR). The results of these studies indicate that the remaining noradrenergic neurons in AD and DLB subjects show changes in the LC and at terminal projection regions that are consistent with compensation for neuronal loss.
Materials and Methods
Subjects. All postmortem tissue was obtained from the Alzheimer's Disease Research Center, where permission for use of tissue in scientific experiments was obtained. AD is characterized by the insidious onset and gradual progression of impaired memory, language, and executive function. Psychosis, agitation, and other behavioral disturbances characteristically appear late in the disease course. DLB, which accounts for ϳ20% of patients with late-life dementia, presents early in its course with psychotic symptoms such as visual hallucinations and with fluctuating cognition and pronounced attentional deficits and often with bradykinesia and increased muscle tone (McKeith et al., 1996; Ballard et al., 1999; Barber et al., 2001) . The AD subjects used in these studies met the National Institute on Aging Reagan criteria for AD (Braak stage IV/C or higher with no vascular dementia, frontotemporal dementia, or Lewy body pathology) (McKhann et al., 1984) (Table 1) . DLB subjects used in these studies met the same neuropathological diagnostic criteria (Table  1) for AD plus had the presence of Lewy body pathology in the brainstem and limbic regions as confirmed by ␣-synuclein immunohistochemistry. Medical records of control subjects indicated no clinical, neurological, or psychiatric illness or evidence of cognitive or functional decline and had no obvious neuropathology during autopsy. Subjects who had been diagnosed with depression before death or had taken any antidepressant medication were excluded because depression and antidepressant therapy can result in changes in brain noradrenergic system (Lacroix et al., 1991; Bauer and Tejani-Butt, 1992; Harro and Oreland, 2001; Ordway et al., 2003) . Subjects with a history of alcohol or drug abuse were also excluded. Table 1 contains pathology information as well as age, postmortem delay (PMD), and sex for each of the subjects. Hippocampus was studied in the following: 17 nondemented age-comparable control subjects, with an age range of 38 -90 years (mean Ϯ SEM, 71.4 Ϯ 3.5 years), seven males and 10 females with an average PMD of 8.5 Ϯ 0.9 h; 15 AD subjects with an age range of 37-94 years (mean Ϯ SEM, 68.6 Ϯ 4.4 years), six males and nine females with an average PMD of 7.4 Ϯ 0.9 h; and 22 DLB subjects with an age range of 63-98 years (mean Ϯ SEM, 79.5 Ϯ 1.6 years), 16 males and six females with an average PMD of 8.0 Ϯ 0.7 h. Because the LC was not always obtained at the time of autopsy, the number of subjects for control and DLB groups was 15, and they are indicated in Table 1 .
Tissue. Left hemispheric hippocampal tissue was accessed at autopsy using a protocol that provided the complete hippocampus (unilaterally) in snap-frozen blocks. The fresh medial temporal tissue block for each individual was dissected into 1-cm-thick coronal blocks, snap frozen in liquid nitrogen-cooled isopentane, and stored at Ϫ70°C. Serial coronal dorsal hippocampal sections (20 m) at the level of the lateral geniculate were cut on a cryostat, thaw mounted onto FisherSuper frost slides, and stored at Ϫ70°C for each individual.
LC tissue was accessed at autopsy using a protocol that provided the complete LC (bilaterally) in a snap-frozen block of caudal midbrain and rostral brainstem. The block included the region between the third nerve in the midbrain to the trigeminal nerve in the pons. The block was dissected into three horizontal blocks, frozen in liquid nitrogen-cooled isopentane, and stored at Ϫ70°C. Serial horizontal sections (20 m) from the three blocks were cut on a cryostat, thaw mounted onto FisherSuper frost slides, and stored at Ϫ70°C. The rostral-to-caudal distance of the LC was determined for each case by examining sections every 500 m stained with thionin. The rostral (or 0%) was defined as the beginning of the trochlear nucleus, and the caudal pole (100%) ended at the rostral level of the trigeminal motor nucleus (Hoogendijk et al., 1999) . After the rostral-to-caudal distance of the LC was determined for each case, sections were systematically taken to include the 30, 50, and 70% levels of the LC because the rostral portion of the LC innervates forebrain structures such as the hippocampus, whereas the caudal portion of the LC innervates hindbrain structures such as the cerebellum and spinal cord Loughlin et al., 1982) . TH mRNA. Tissue preparation and labeling of the TH oligonucleotide probes was performed as described previously for oligonucleotide labeling (Szot et al., 1997) . TH mRNA expression was measured only in the LC, the main loci for noradrenergic innervation throughout the CNS. For each subject, three consecutive slides at the 30, 50, and 70% levels of the LC were labeled with the TH mRNA oligonucleotide probe. The TH probe consisted of three separate oligonucleotide probes to the following nucleotides of the published human sequence (O'Malley et al., 1987) (GenBank accession number X05290): 326 -377, 520 -571, and 1309 -1360. The oligonucleotide probes were 3Ј end labeled with [ 33 P]dATP (PerkinElmer, Boston, MA) using terminal deoxyribonucleotidyl transferase (Invitrogen, Piscataway, NJ). The TH probe contained 2.0 ϫ 10 6 cpm/50 l and was washed as described in detail in previously published work with oligonucleotides (Szot et al., 1997) . Slides were apposed to film (Eastman Kodak, Rochester, NY) for 4 d at room temperature, and then the slides were coated with NTB2 Nuclear Track Emulsion (undiluted) (Eastman Kodak) and stored at Ϫ20°C for 14 d. Film and slides were developed as described previously (Szot et al., 1997) .
Quantitation of TH mRNA expression was similar to that performed by Szot et al. (2000) . The number of cells that achieved labeling threefold higher than background was counted bilaterally on the three slides at each level of the LC for each subject and expressed as TH-positive labeled cell Ϯ SEM. Data were analyzed with ANOVA, followed by a post hoc Fisher's test; statistical significance was taken at p Ͻ 0.05. The density of TH mRNA expression per cell was performed measuring the amount of silver grains over the cell bodies of labeled neurons that were threefold higher than background under 20ϫ dark-field illumination with a sidemounted light using the MicroComputer Imaging Device system (MCID) (Imaging Research, St. Catharines, Ontario, Canada). Therefore, all labeled neurons that were counted as positive labeled were also quantitated for the amount of TH mRNA expression per cell. The data are expressed as the average of grains per cell Ϯ SEM bilaterally at each level of the LC for each subject group. Statistical analysis was performed as described above.
␣ 2A -AR mRNA. Tissue preparation and labeling of the ␣ 2A -AR oligonucleotide probes was performed as described previously for oligonucleotide labeling (Szot et al., 1997) . ␣ 2A -AR mRNA was measured in the LC at the three different levels of the LC as described for TH mRNA and in the dorsal hippocampus. Three consecutive slides were used for each level of the LC and in the dorsal hippocampus. The ␣ 2A -AR probe consisted of three separate oligonucleotide probes to the following nucleotides of the published human sequence (Kobilka et al., 1987; Fraser et al., 1989 Fraser et al., ): 951-1001 Fraser et al., , 1071 Fraser et al., -1121 Fraser et al., , and 1303 Fraser et al., -1353 . The ␣ 2A -AR probe contained 1.3 ϫ 10 6 cpm/50 l for the hippocampus and 0.8 ϫ 10 6 cpm/50 l for the LC. Slides were apposed to film (Eastman Kodak) for 7 d at room temperature for hippocampus, whereas slides containing the LC were coated with NTB2 Nuclear Track Emulsion (undiluted) (Eastman Kodak) and stored at Ϫ20°C for 14 d. Film and slides were developed as described previously (Szot et al., 1997) .
Quantitation of ␣ 2A -AR mRNA expression in the LC was identical to the method used to quantitate TH mRNA expression. In the hippocampus, optical density (OD) measurements were taken from labeling observed on film using MCID as described previously (Szot et al., 1997) . ODs were obtained from films using MCID. Separate OD measurements were made over the three sections for each subject. Background OD was subtracted from each image. The data are expressed as the average OD Ϯ SEM for each region for each subject group. Statistical analysis was performed as described above.
␣ 2C -AR mRNA. Tissue preparation and labeling of the ␣ 2C -AR oligonucleotide probes was performed as described previously for oligonucleotide labeling (Szot et al., 1997) . ␣ 2C -AR mRNA was measured in the dorsal hippocampus. Preliminary work in the LC showed ␣ 2C -AR mRNA levels to be undetectable. Three consecutive slides of the dorsal hippocampus were used. The ␣ 2C -AR probe consisted of a single oligonucleotide probe to the following nucleotides of the published human sequence : 875-925. The ␣ 2C -AR probe contained 0.16 ϫ 10 6 cpm/50 l for the hippocampus. Slides were apposed to film (Eastman Kodak) for 17 h at room temperature. Film was developed and analyzed as described previously (Szot et al., 1997) . ␣ 2C -AR mRNA expression in the hippocampus was measured as OD using MCID as described for ␣ 2A -AR mRNA in the hippocampus. The data are expressed as the average OD Ϯ SEM for each region for each subject group. Statistical analysis was performed as described above.
␣ 1A -AR mRNA. Tissue preparation and labeling of the ␣ 1A -AR oligonucleotide probes was performed as described previously (Szot et al., 2005) . ␣ 1A -AR mRNA was measured in the dorsal hippocampus. Three consecutive slides of the dorsal hippocampus were used. The ␣ 1A -AR probe consisted of three separate oligonucleotide probes to the following nucleotides of the published human sequence (Schwinn et al., 1990; Hirasawa et al., 1993 Hirasawa et al., ): 1-45, 1102 Hirasawa et al., -1156 Hirasawa et al., , and 1435 Hirasawa et al., -1483 . The ␣ 1A -AR probe contained 1.4 ϫ 10 6 cpm/50 l for the hippocampus. Slides were apposed to film (Eastman Kodak) for 4 d at room temperature. Film was developed and analyzed as described previously (Szot et al., 1997) . ␣ 1A -AR mRNA expression in the hippocampus was measured as OD using MCID. The data are expressed as the average OD Ϯ SEM for each region for each subject group. Statistical analysis was performed as described above.
␣ 1D -AR mRNA. Tissue preparation and labeling of the ␣ 1D -AR oligonucleotide probes was performed as described previously (Szot et al., 2005) . ␣ 1D -AR mRNA was measured in the dorsal hippocampus. Three consecutive slides of the dorsal hippocampus were used. The ␣ 1D -AR probe consisted of three separate oligonucleotide probes to the following nucleotides of the published human sequence (Weinberg et al., 1994; Schwinn et al., 1995) : 587-635, 990 -1038, and 1668 -1716. The ␣ 1D -AR probe contained 0.4 ϫ 10 6 cpm/50 l for the hippocampus. Slides were apposed to film (Eastman Kodak) for 7 d at room temperature. Film was developed and analyzed as described previously (Szot et al., 1997) . ␣ 1D -AR mRNA expression in the hippocampus was measured as OD using MCID. The data are expressed as the average OD Ϯ SEM for each region for each subject group. Statistical analysis was performed as described above.
H-Prazosin and 125 I-HEAT binding (␣ 1 -AR)
. ␣ 1 -AR binding sites were measured in the hippocampus with two different radiolabeled compounds, 3 H-prazosin and
3 H-Prazosin binding was performed as described previously (Szot et al., 2005) . For each subject, four consecutive slides, each containing a section of the dorsal hippocampus was run: three slides for total binding and the fourth for nonspecific binding. Briefly, slides were thawed at room temperature for 10 min, and then 400 l/slide of incubation buffer (ϳ0.2 nM 3 Hprazosin in 50 mM Tris buffer with 1 mM EDTA, pH 7.4) was placed over the tissue. Slides were incubated for 40 min at room temperature and then washed twice for 2 min in ice-cold 50 mM Tris buffer, pH 7.4, dipped in ice-cold distilled water to remove the salts, and then rapidly dried under a stream of cool air. Nonspecific binding was defined in the presence of 10 M phentolamine. Slides and 3 H standards were apposed to Biomax MR film (Eastman Kodak) for 8 weeks. Films were developed and analyzed as described previously (Szot et al., 1997) . Density measurements (microcuries per gram) were determined using MCID unilaterally in the dorsal hippocampus, and the values are expressed as a mean (microcuries per gram) Ϯ SEM for each subject group. Specific binding was obtained by taking the total average value minus nonspecific value in the same region. Specific binding for 3 H-prazosin constituted ϳ90% of total binding. Statistical analysis was performed as described above.
Receptor binding with 125 I-HEAT was performed according to Homma et al. (2000) . For each subject, four consecutive slides, each containing a section of the dorsal hippocampus, was run: three slides for total binding and the fourth for nonspecific binding. Slides were thawed as described above, and then 400 l/slide of incubation buffer (ϳ100 pM 125 I-HEAT in 50 mM Tris buffer with 150 mM NaCl and 5 mM EDTA, pH 7.4) was placed over the tissue. Slides were incubated for 60 min at room temperature and then washed as described above for 3 H-prazosin. Nonspecific binding was defined in the presence of 10 M phentolamine. Slides were apposed to Biomax MS film (Eastman Kodak) for 4 h. Films were developed as described previously (Szot et al., 1997) . Autoradiograms were quantified using MCID and expressed as OD. Specific binding was determined as described above. Specific binding for 125 I-HEAT constituted ϳ30% of total binding. Bauer and TejaniButt (1992) . Preliminary work indicated the hippocampus to not have detectable levels of NET binding sites. From each subject, four consecutive slides from the 30, 50, and 70% of the LC were run: three slides for total binding and the fourth for nonspecific binding. Slides were thawed as described above, and then 400 l/ slide of incubation buffer (ϳ3 nM 3 Hnisoxetine in 50 mM Tris buffer with 300 mM NaCl and 5 mM KCl, pH 7.7) was placed over the tissue. Slides were incubated for 90 min at room temperature and then washed as described above for 3 H-prazosin. Nonspecific binding was defined in the presence of 1 M mazindol. Slides were apposed to Biomax MR film (Eastman Kodak) for 8 weeks. Films were developed as described previously (Szot et al., 1997) . Density measurements (microcuries per gram) were determined as described above using 3 H standards and MCID. Specific binding was obtained by taking the total average value minus nonspecific value in the same region. Specific binding for 3 H-nisoxetine constituted 60 -70% of total binding. Statistical analysis was performed as described above.
H-Nisoxetine binding (NET

H-RX821002 binding (␣ 2 -AR)
. ␣ 2 -AR binding sites were measured in the LC and hippocampus with 3 H-RX821002 (PerkinElmer) according to Happe et al. (2004) . For each subject, four consecutive slides from the 30, 50, and 70% of the LC and four consecutive sections from the dorsal hippocampus were run as described above. Slides were thawed as described above, and then 400 l/slide of incubation buffer (ϳ2 nM 3 H-RX821002 in 50 mM NaPO 4 buffer, pH 7.4) was placed over the tissue. Slides were incubated for 45 min at room temperature and then washed twice for 2 min in ice-cold 50 mM NaPO 4 buffer, pH 7.4, dipped in ice-cold distilled water to remove the salts, and then rapidly dried under a stream of cool air. Nonspecific binding was defined in the presence of 10 M rauwolscine. Slides were apposed to Biomax MR film (Eastman Kodak) for 8 weeks. Films were developed as described previously (Szot et al., 1997) . Density measurements and statistical analysis were obtained as described above for 3 H-prazosin. Specific binding for 3 H-RX821002 constituted ϳ90% of total binding.
Results
None of the noradrenergic parameters measured in this study correlated to the age or sex of the subject or to the PMD. However, we observed significant effects of disease status on noradrenergic parameters as described below.
TH mRNA expression is elevated in the remaining neurons in the LC of AD and DLB subjects Figure 1 shows the dark-field photomicrographs of TH mRNA expression over cell bodies in the LC of control ( A), AD ( B), and DLB ( C) subjects as defined by cresyl violet staining and the presence of melanin. Quantitation of the number of TH mRNApositive cell bodies in AD and DLB indicated a significant reduction from control subjects at the 30, 50, and 70% levels of the LC (Fig. 1 D) . The loss of TH-positive labeled neurons in AD is similar to DLB subjects at the 30 and 50% levels of the LC; however, at the 70% level of the LC, DLB subjects had a significantly greater loss of TH mRNA-positive neurons than AD subjects. In contrast, there was a significant increase in the amount of TH mRNA expression per cell body in all three levels of the LC in both AD and DLB subjects (Fig. 1 E) . At the 30 and 70% levels of the LC, the amount of TH mRNA expression per cell body was the same between AD and DLB subjects, but, at the 50% level of the LC, DLB subjects had an even greater increase in TH mRNA expression per cell compared with the AD subjects.
A comparison of the number of TH-positive labeled cells to the Clinical Dementia Ratings of AD and DLB subjects showed a significant negative correlation to exist at the 30, 50, and 70% levels of the LC (r ϭ Ϫ0.653, p Ͻ 0.001; r ϭ Ϫ0.571, p Ͻ 0.01; r ϭ Ϫ0.588, p Ͻ 0.01, respectively). This indicates that the loss of TH-positive labeled cells in the LC correlated to the loss of cognitive function in AD and DLB.
A significant negative correlation also existed between the number of TH-positive cells to the amount of TH mRNA expression per cell body at each of the three different levels of the LC (30% level, r ϭ Ϫ0.391, p Ͻ 0.01; 50% level, r ϭ Ϫ0.325, p Ͻ 0.05; 70% level, r ϭ Ϫ0.463, p Ͻ 0.01), indicating that the subjects with the fewest number of TH-positive cells in the LC had the greatest amount of TH mRNA expression per cell. Therefore, the remaining noradrenergic neurons in the LC of AD and DLB subjects appear to be compensating by increasing the expression of the rate-limiting enzyme in the synthesis of NE, and this occurs throughout the LC. NET binding sites are reduced over LC cell body region but normal over the peri-LC dendritic zone and caudal dorsal raphe NET is localized to noradrenergic neurons, and its function is to remove released NE from the synapse. NET binding sites, as measured by 3 H-nisoxetine, were localized to the LC cell body region and the peri-LC dendritic zone, as well as the caudal dorsal raphe region (cDR) (Fig. 2 A-C) . Quantitation of NET binding sites over the cell body plus peri-LC dendritic zone indicated a significant decrease in NET binding sites at the 50 and 70% levels of the LC in AD and DLB subjects compared with control subjects (data not shown). The loss of NET binding sites in AD and DLB at these levels of the LC were similar. To determine whether the loss of NET binding sites was specific to just the cell body region, density measurements were taken specifically over the cell body region (Fig. 2 A-C , gray shaded area) and the peri-LC dendritic zone (Fig. 2 A-C, cross-hatched shaded area) . Quantification of NET binding sites over the LC cell body region showed a significant reduction in the AD and DLB subjects compared with control subjects at the 50 and 70% levels of the LC (Fig. 2 D) . Again the loss of NET binding sites over the LC cell body region is similar between AD and DLB subjects. This would suggest that neuronal number in the LC could contribute to the loss of NET binding sites. Correlation studies partially support this theory. At the 30% level in the LC, a significant correlation was observed between NET binding sites over cell body region and the number of THpositive labeled cells in control, AD, and DLB subjects (r ϭ 0.666, p Ͻ 0.01; r ϭ 0.64, p Ͻ 0.05; r ϭ 0.715, p Ͻ 0.01, respectively). However, at the 50% level of the LC, only the AD and DLB had a significant correlation to TH-positive labeled neurons (r ϭ 0.772, p Ͻ 0.01; r ϭ 0.834, p Ͻ 0.01, respectively), and, at the 70% level of the LC, none of the groups displayed a correlation to THpositive labeled neurons. These data suggests that the loss of noradrenergic neurons in the LC in AD and DLB may account for the loss of NET binding sites at the 30 and 50% levels of the LC but not at the 70% level of the LC. However, it is unclear what contributes to this loss of NET binding sites.
Quantitation of NET binding sites over the peri-LC dendritic zone was not statistically different between the three subject groups (Fig. 2 E) , despite the loss of TH-positive labeled neurons. This suggests that the remaining noradrenergic neurons in AD and DLB subjects may be demonstrating dendritic sprouting as a means to maintain connections in the peri-LC dendritic area that would have been lost with the reduction of noradrenergic neurons. Axonal sprouting from the remaining neurons also appears to have occurred because the amount of NET binding sites in the cDR in AD and DLB subjects were not different from controls (Fig. 3) .
␣ 2 -AR binding sites in AD and DLB subjects are normal at the 30% level of the LC to modestly reduced at the 50 and 70% levels of the LC The localization of ␣ 2 -AR binding sites, as measured by the ␣ 2 -AR antagonist 3 H-RX821002 (Fig. 4 A-C) , were similar to that observed with 3 H-nisoxetine (Fig. 2 A-C ). However, unlike 3 H-nisoxetine in the LC, 3 H-RX821002 was not statistically greater over the cell body region compared with the peri-LC dendritic zone (data not shown). Quantitation of ␣ 2 -AR binding sites over cell body region plus peri-LC dendritic area (Fig. 4 A-C , dashed circular area) indicated a significant reduction in AD and DLB subjects at the 50% level of the LC and in DLB subjects alone at the 70% level of the LC compared with control subjects (Fig.   Figure 2 . NET binding sites in the LC and cDR of control (A) (n ϭ 15), AD (B) (n ϭ 15), and DLB (C) (n ϭ 15) subjects at the 50% level. The left side of the figure is the autoradiograms of 3 H-nisoxetine binding in the LC and cDR. The right side outlines the area labeled by 3 Hnisoxetine in the LC, the gray shaded area indicates where the LC cell bodies are located, and the cross-hatched area indicates where the peri-LC dendritic zone is located. Quantification of NET binding sites over the LC cell body region (D; gray shaded area on A-C) and quantification of NET over the peri-LC dendritic area (E; cross-hatched area on A-C) are shown. *Significant difference compared with control subjects. Data are represented as mean Ϯ SEM. 
D).
The loss of ␣ 2 -AR binding sites in the LC between AD and DLB subjects was not statistically different at any level of the LC. ␣ 2 -AR binding sites in control, AD, or DLB subjects at the three different levels of the LC did not correlate to TH-positive labeled neurons in the LC, as observed with NET binding sites in the cell body region. This indicates that the loss of TH-positive neurons in the LC of AD and DLB was not responsible for the reduction in binding sites. This was evident at the 30% level of the LC in which there was a tremendous loss of TH-positive neurons in the LC (ϳ80% loss), but the amount of ␣ 2 -AR binding was the same between the three subjects groups. At the 50 and 70% levels of the LC, the loss of TH-positive labeled neurons was between 50 and 80%, but the loss of ␣ 2 -AR binding sites in the LC at the 50 and 70% levels of the LC is ϳ18%.
The number of positively labeled 2A -AR mRNA neurons in the LC of AD and DLB subjects is reduced, but expression per cell is not different from control subjects To determine whether a change in mRNA is observed in the remaining neurons to account for the normal to modest reduction in ␣ 2 -AR binding sites in AD and DLB subjects, in situ hybridization was performed for the ␣ 2A -AR mRNA (␣ 2C -AR mRNA was not detected in the LC). ␣ 2A -AR mRNA expression in LC neurons would be as the noradrenergic autoreceptor, which is responsible for 3 H-RX821002 ␣ 2 -AR binding observed within the LC and surrounding region. ␣ 2A -AR mRNA was expressed at all levels of the LC, but the level of ␣ 2A -AR mRNA expression in the LC appeared to be lower (Fig. 5A-C) than that observed for TH mRNA expression (Fig. 1 A-C) . The number of ␣ 2A -ARpositive labeled cell bodies that meet the criteria outlined in Materials and Methods (Fig. 5D ) was lower than that observed for TH mRNA expression. For control subjects, the average number of ␣ 2A -AR-positive labeled cells at the 30, 50, and 70% levels of the LC were 11, 31, and 31, respectively, whereas TH-positive labeled cells at these levels were 33, 79, and 90, respectively. Therefore, the number of ␣ 2A -AR labeled cell bodies was 67, 61, and 66% reduced from TH-positive labeled cells. AD and DBL subjects had a similar reduction of ␣ 2A -AR-positive labeled cells in the LC, AD subjects had 57, 53, and 70% reductions, whereas DBL subjects had 63, 68, and 71% reductions at the 30, 50, and 70% levels of the LC.
As observed with the number of TH-positive labeled neurons, both AD and DLB subjects had a significant reduction in the number of ␣ 2A -AR-positive labeled cells compared with control subjects at the 30, 50, and 70% levels of the LC (Fig. 5D) . The reduction in the number of ␣ 2A -AR-labeled neurons was similar to what was observed with TH-positive labeled neurons. However, the amount of ␣ 2A -AR mRNA expressed per cell in the remaining neurons in AD and DLB subjects was not significantly different from control subjects (Fig. 5E ). There was a tendency for ␣ 2A -AR mRNA expression per cell to be higher in AD and DLB subjects, but it did not reach statistical difference.
␣ 2 -AR binding sites in the hippocampus of AD and DLB are unchanged except for an increase in dentate gyrus granule cell layer ␣ 2 -AR binding sites were localized to the dentate gyrus granule cell layer (GCL), stratum lacunosum (SLa), hilus, and pyramidal cell layer of the CA1-CA3 (Fig. 6 A-C) . This binding pattern was similar to what has been observed previously in the human hippocampus (Pascual et al., 1992; Ordway et al., 1993; Leverenz et al., 2001 ). ␣ 2 -AR binding sites are not statistically different between control, AD, and DLB subjects in the SLa, hilus, and pyramidal cell layer, but, in the GCL, AD and DLB subjects had significantly more binding sites than control (Fig. 6 D) . The increase in ␣ 2 -AR binding sites in the GCL was the same between AD and DLB subjects. ␣ 2 -AR binding sites in the GCL of AD and DLB subjects did not correlate to the degree of dementia (Clinical Dementia Rating).
␣ 2A -AR mRNA expression in the hippocampus of AD and DLB subjects is not different from control subjects 3 H-RX821002 binding sites in the human hippocampus represent mainly ␣ 2A -ARs (Ordway et al., 1993; Sastre and GarciaSevilla, 1994) , which are located both presynaptically and postsynaptically. To determine the contribution of postsynaptic ␣ 2A -AR to the binding studies in the hippocampus, in situ hybridization to the ␣ 2A -AR mRNA was performed. ␣ 2A -AR mRNA was expressed at detectable but low levels in the GCL and CA3 region in all subjects (Fig. 7A-C) . Quantitation of ␣ 2A -AR mRNA in these regions in control, AD, and DLB subjects was not statistically different (Fig. 7D ).
␣ 2C -AR mRNA expression in the hippocampus of AD and DLB subjects is significantly reduced in all regions compared with control subjects ␣ 2C -AR mRNA expression in the human hippocampus was observed in the GCL, pyramidal cell layer (CA1-C3), and subiculum (Fig. 8 A-C) . Quantitation of ␣ 2C -AR mRNA in AD and DLB subjects was significantly reduced in all regions of the hippocampus compared with control subjects (Fig. 8 D) . The reduction in ␣ 2C -AR mRNA in the GCL, pyramidal cell layer, and subiculum was comparable between AD and DLB subjects. ␣ 2C -AR mRNA expression in these regions did not correlate to the degree of dementia (Clinical Dementia Rating).
␣ 1 -AR binding sites in the hippocampus are elevated only in the molecular cell layer of the dentate gyrus of AD and DLB subjects Unlike the ␣ 2 -AR, the ␣ 1 -AR is only localized postsynaptically. 3 H-Prazosin binding sites in control, AD, and DLB showed a binding pattern (Fig. 9A-C) that was described previously in the human hippocampus (Szot et al., 2005) . 3 H-Prazosin labeled all three layers of the dentate gyrus (molecular, granular, and hilus) and the stratum lucidum. Quantitation of ␣ 1 -AR binding sites in all three layers of the dentate gyrus in the three subject groups demonstrated a significant increase in AD and DLB subjects compared with controls (data not shown). On visual inspection of the autoradiograms (Fig. 9A-C) , it was apparent that, in AD and DLB subjects, there was a greater amount of binding in the molecular cell layer. To determine whether 3 H-prazosin binding sites were elevated in just the molecular cell layer in AD and DLB subjects, binding sites were quantitated over just the molecular cell layer and then over the GCL, hilus, and stratum lucidum (Fig. 9D) . A significant increase in 3 H-prazosin binding sites in the molecular cell layer was observed in AD and DLB subjects compared with control subjects, whereas in the GCL, hilus, and stratum lucidum, there was no difference between subjects groups. The increase in ␣ 1 -AR binding sites in the molecular cell layer was not different between AD and DLB subjects (Fig. 9D ). This indicates a selective increase in ␣ 1 -AR binding sites in the hippocampus of AD and DLB subjects without a change in the other areas. ␣ 1 -AR binding sites in the molecular cell layer of AD and DLB subjects did not correlate to the degree of dementia (Clinical Dementia Rating).
To rule out the possibility that the selective increase in ␣ 1 -AR Figure 6 . ␣ 2 -AR binding sites in the dorsal hippocampus of control (A) (n ϭ 16), AD (B) (n ϭ 15), and DLB (C) (n ϭ 21) subjects. The left side of the figure is the autoradiograms of 3 H-RX821002 binding in the hippocampus. The right side outlines the areas labeled by 3 H-RX821002 in the pyramidal cell layer (CA1-CA3), SLa, dentate gyrus GCL, and hilus. D, Quantification of ␣ 2 -AR binding sites in the dorsal hippocampus in control, AD, and DLB subjects. *Significant difference compared with control subjects. Data are represented as mean Ϯ SEM.
binding sites in the molecular cell layer was a peculiarity of 3 Hprazosin, another ␣ 1 -AR antagonist was used.
125 I-HEAT labeled exactly the same regions of the hippocampus as Hprazosin, demonstrated a selective increase in 125 I-HEAT binding sites in the molecular cell layer of AD and DLB subjects compared with control subjects (data not shown). No change was observed in the GCL, hilus, and stratum lucidum in the three subject groups (data not shown).
␣ 1A -AR mRNA expression in the GCL of AD and DLB subjects is not different from control subjects ␣ 1A -AR mRNA expression in the human hippocampus was observed only in the GCL (Szot et al., 2005) (Fig. 10 A-C) . Quantitation of ␣ 1A -AR mRNA expression in AD and DLB subjects in the GCL did not differ from control subjects (Fig. 10 D) .
␣ 1D -AR mRNA expression in the pyramidal cell layer of AD and DLB subjects is significantly reduced from control subjects ␣ 1D -AR mRNA was expressed only in the pyramidal cell layer as described previously (Szot et al., 2005) (Fig. 11 A-C) . Quantitation of ␣ 1D -AR mRNA expression in the pyramidal cell layer was significantly reduced in AD and DLB subjects compared with control subjects (Fig. 11 D) . The reduction in ␣ 1D -AR mRNA in AD and DLB subjects was similar. The reduction in ␣ 1D -AR mRNA expression did not correlate to the degree of dementia (Clinical Dementia Ratings).
Discussion
In AD and the similar dementing disorder DLB, there is a significant loss of noradrenergic neurons in the LC at multiple levels. This loss of neurons is documented at the molecular level with mRNA expression for TH, ␣ 2A -AR, and NET (Szot et al., 2000) . The loss of neurons as measured by these mRNAs is very similar to the documented loss of noradrenergic neurons as measured by morphometric analysis (Marcyniuk et al., 1986; Chan-Palay and Asan, 1989; German et al., 1992) . The degree of neuronal loss in AD subjects reported here is similar to our previously published work with a small subject population (Szot et al., 2000) , and, as shown by Bondareff et al. (1981) and Matthews et al. (2002) , the amount of TH-positive labeled neuronal loss correlates with the degree of cognitive loss. This correlation of noradrenergic neuronal loss to cognitive decline supports the importance of the noradrenergic system in learning and memory (Gibbs and Summers, 2002) ; however, how this neuronal loss contributes to cognitive loss is unclear at the present time. It needs to be determined whether the compensatory changes in the remaining neurons in the LC and at terminal projection sites such as the hippocampus and cDR contribute to the cognitive decline or could be used pharmacologically to enhance/restore memory.
In the present study, we performed a systematic molecular evaluation of the nature of this compensation. The first compensatory change in noradrenergic neurons is the significant increase in TH mRNA expression (rate-limiting enzyme in the synthesis of NE), which was observed at all levels of the LC. Differences in TH mRNA expression were observed between AD and DLB subjects (no other noradrenergic marker showed a significant difference between AD and DLB subjects). In DLB subjects, there is an even greater loss of TH-positive labeled cell bodies at the 70% level of the LC compared with AD, and, at the 50% level of the LC, DLB subjects have a greater expression of TH mRNA expression per cell. The increase in TH mRNA expression per cell corresponded to the loss of TH-positive labeled cells, i.e., the greater the degree of neuronal loss, the more TH mRNA expression per cell occurred. These studies, obviously, do not indicate whether the amount of NE released in forebrain structures is normal but support previous reports of normal to elevated levels of CSF NE and NE metabolites compared with age-matched control subjects (Mann et al., 1981; Gottfries et al., 1983; Raskind et al., 1984; Tohgi et al., 1992; Elrod et al., 1997) .
The second type of compensatory change is observed with the dendritic innervation of the LC neurons to the peri-LC dendritic zone. The LC receives a vast amount of afferent projections, but the majority of these fibers do not go directly to the LC cell body region; rather they innervate the surrounding LC region (AstonJones et al., 2004) termed the peri-LC dendritic zone. NET binding sites are localized over the LC cell body region (Bauer and Tejani-Butt, 1992; Tejani-Butt et al., 1993) and over the peri-LC dendritic region, with the greater density over the LC cell body region. The significant loss of NET binding sites over the LC cell body region in AD and DLB can be attributed to the loss of LC neurons, as noted by Tejani-Butt et al. (1993) . However, the normal amount of NET binding sites in the peri-LC dendritic zone of AD and DLB subjects suggests that the remaining noradrenergic neurons are sprouting dendritic connections into the surrounding LC region in an attempt to maintain synaptic connections. This is also supported by the findings with the ␣ 2 -AR autoreceptor. The density of this autoreceptor is reduced in AD and DLB subjects at certain levels of the LC, but the loss is not as extensive as that observed with neuronal number, supporting the hypothesis of dendritic sprouting. The consequence of the loss of this autoreceptor may be increased firing of noradrenergic neurons and release of NE in the LC and at terminal regions (L'Heureux et al., 1986; Van Gaalen et al., 1997; Kawahara et al., 1999) .
Expression of NET (Szot et al., 2000) or ␣ 2A -AR mRNA in the remaining noradrenergic neurons in AD and DLB subjects is not elevated, so it is unclear what factors are involved in maintaining the normal NET and ␣ 2 -AR binding sites in the LC. Animal work does not indicate what may occur to the expression of NET or ␣ 2A -AR mRNA in LC neurons after lesioning noradrenergic neurons because it has not been studied. One explanation for the lack of a significant change in NET or ␣ 2A -AR mRNA expression in the remaining noradrenergic neurons is a change in the stability of the transcript or receptor protein.
The third type of compensatory change in noradrenergic neurons is with axonal projections. The normal amount of NET binding sites in the cDR and normal to elevated ␣ 2 -ARs in the hippocampus of AD and DLB subjects indicate that remaining noradrenergic neurons are demonstrating axonal sprouting. Several studies have examined ␣ 2 -ARs in the hippocampus of AD subjects using autoradiography and membrane binding studies with many different radiolabeled ligands. The results have been conflicting: either a significant decrease (Meana et al., 1992; Pascual et al., 1992) or no change or an increase were observed (Leverenz et al., 2001; Matthews et al., 2002) .
Because ␣ 2 -ARs in the hippocampus may be a composite of the autoreceptor and postsynaptic receptors (including heteroreceptors), measurement of postsynaptic ␣ 2A -and ␣ 2C -AR mRNA expression was performed, and another postsynaptic AR (␣ 1 -AR) was measured in the hippocampus. ␣ 2A -AR (the subtype responsible for 3 H-RX821002 binding sites) (Ordway et al., 1993; Sastre and Garcia-Sevilla, 1994 ) mRNA expression in the hippocampus of AD and DLB subjects was not different from controls, suggesting that postsynaptic ␣ 2A -AR sites are also normal in AD and DLB subjects.
In contrast to ␣ 2A -AR mRNA expression, ␣ 2C -AR mRNA expression in the hippocampus of AD and DLB subjects was significantly reduced. Because binding studies with 3 H-RX821002 do not reflect the changes in this receptor subtype, the functional consequence of this reduced mRNA expression is unclear. Loss of ␣ 2C -AR, as observed in transgenic mice (␣ 2C -AR knock-out mice), results in many behavioral changes, including increased stress and startle response, and locomotion (Sallinen et al., 1997) . Interestingly, agitation and pacing are common behavioral symptoms in dementia patients. Perhaps the loss of ␣ 2C -AR mRNA in AD and DLB subjects in the hippocampus contributes to these behavior symptoms. The loss of ␣ 2C -AR mRNA in the GCL or CA3 cannot be attributed to neuronal loss in AD because these regions do not demonstrate any degree of loss (Simic et al., 1997; Bobinski et al., 1998; Fukutani et al., 2000; Price et al., 2001; Rossler et al., 2002) , and the expression of ␣ 2A -AR mRNA in the same regions was unchanged in AD and DLB.
Postsynaptic ␣ 1 -AR binding sites in the hippocampus of AD and DLB subjects are normal to elevated, indicating an intact postsynaptic system. Previous ␣ 1 -AR binding studies in the hippocampus of AD subjects demonstrated either a decrease in binding with 3 H-prazosin (Shimohama et al., 1986) or no change with 125 I-HEAT (Kalaria, 1989) . These previously published studies used a homogenous membrane preparation from the whole hippocampus. This method would not allow the differentiation of the different layers of the hippocampus (i.e., molecular cell layer from dentate gyrus), and measurement would include both membrane and cytoplasmic material. Because the ␣ 1 -AR protein may be localized in both the membrane and cytoplasm (MacKenzie et al., 2000; Piascik and Perez, 2001; halothorn et al., 2002) , it is likely that homogenizing the tissue would affect the number of available receptors for the ␣ 1 -AR ligand to bind to relative to slice preparation. The increase in ␣ 1 -AR binding in AD and DLB subjects is not explained by the expression of ␣ 1A -or ␣ 1D -AR mRNA. Because ␣ 1A -AR contributes mainly to 3 Hprazosin binding sites in the human hippocampus (Szot et al., 2005) , the lack of a change in ␣ 1A -AR mRNA in AD and DLB subjects indicate that the increase does not appear to be the result of increased mRNA expression but may represent a change in transcript or protein stability, or sprouting of the dendrites from GCL neurons into the molecular cell layer. Sprouting of GCL neurons has been shown to occur in AD subjects (Cassell and Brown, 1984; Dickson et al., 1994) .
␣ 1D -AR mRNA, the other major CNS ␣ 1 -AR subtype, was significantly reduced in both AD and DLB subjects. The reduction in ␣ 1D -AR mRNA cannot be attributed to the cell loss documented in the CA1 in AD (Simic et all., 1997; Bobinski et al., 1998; Fukutani et al., 2000; Price et al., 2001; Rossler et al., 2002) because ␣ 2A -AR mRNA expression was unchanged in the same region, in the same subjects. It is possible that these different ␣-AR subtypes are expressed in different neurons and the neurons expressing ␣ 1D -AR mRNA are lost in AD and DLB. The consequence of reduced ␣ 1D -AR mRNA expression for protein levels cannot be determined at this time because none of the existing ␣ 1 -AR ligands bind to this receptor subtype. However, loss of ␣ 1D -AR mRNA in pyramidal neurons, especially CA1 neurons, suggests the loss of the modulation of NE on hippocampal pathways. It is interesting to note that ␣ 2C -AR mRNA expression is also reduced in these AD and DLB subjects in a similar region. A common factor between these two AR subtypes compared with ␣ 1A -and ␣ 2A -AR mRNA (which are unchanged in AD and DLB subjects) is that ␣ 1D -and ␣ 2C -ARs are intracellular receptors, whereas ␣ 1A -and ␣ 2A -AR are membrane-bound receptors (Daunt et al., 1997; MacKenzie et al., 2000; Piascik and Perez, 2001; Chalothorn et al., 2002) .
In conclusion, after the loss of noradrenergic neurons in AD and DLB, three major compensatory changes are observed in the noradrenergic nervous system: (1) an increase per neuron in mRNA for TH, the rate-limiting enzyme in the synthesis of NE; (2) sprouting of dendrites of the remaining LC neurons to the peri-LC dendritic area; and (3) sprouting of LC axons to cDR and hippocampus. Also, other noradrenergic markers are not normal: ␣ 1D -and ␣ 2C -AR mRNA expression in the hippocampus of AD and DLB subjects are significantly reduced. For all noradrenergic markers, there was no difference between AD and DLB subjects except for minor differences in TH mRNA expression; therefore, the presence of Lewy bodies in addition to plaques and tangles in DLB subjects does not appear to further affect the noradrenergic compensatory changes.
